We discuss the implementation of the nuclear model based on realistic nuclear spectral functions in the GENIE neutrino interaction generator. Besides improving on the Fermi gas description of the nuclear ground state, our scheme involves a new prescription for Q 2 selection, meant to efficiently enforce energy momentum conservation. The results of our simulations, validated through comparison to electron scattering data, have been obtained for a variety of target nuclei, ranging from carbon to argon, and cover the kinematical region in which quasi elastic scattering is the dominant reaction mechanism. We also analyse the influence of the adopted nuclear model on the determination of neutrino oscillation parameters.
I. INTRODUCTION
Neutrino physics is entering the age of precision measurements. Several experiments have detected neutrino oscillations, providing unambiguous evidence that neutrinos-assumed to be massless in the standard model of particle physics-have nonvanishing masses. The recent observations of a large θ 13 mixing angle, reported by the Double Chooz [1] , Daya Bay [2] , RENO [3] , and T2K [4] Collaborations, entail the possibility of measuring CP violation in the leptonic sector, thus addressing one of the outstanding problems of particle physics. However, these measurements will involve high precision determinations of the oscillation parameters, which in turn require a deep understanding of neutrino interactions with matter. In view of the achieved and expected experimental accuracies, the treatment of nuclear effects is in fact one of the main sources of systematic uncertainty [5] .
Over the past decade, the inadequacy of the relativistic Fermi Gas model (RFGM), routinely employed in simulation codes of neutrino interactions, has been unambiguously exposed, and a great deal of effort has been devoted to the development of more realistic descriptions of nuclear effects. In this context, a pivotal role is played by the availability of a large body of theoretical and experimental studies of electron-nucleus scattering.
Accurate measurements of the coincidence (e, e ′ p) cross section have provided quantitative information on nuclear spectral functions, revealing the limitations of the independent particle model of the nucleus. While the spectroscopic lines corresponding to knock out of nucleons in shell model states are in fact clearly visible in the a On leave from INFN and Department of Physics, "Sapienza" Università di Roma, I-00185 Roma, Italy.
missing energy spectra, the associated spectroscopic factors are considerably lower that expected, regardless of the nuclear mass number. This is a clear manifestation of the importance of correlations, that lead to the excitation of nucleon-nucleon pairs to states of energy larger than the Fermi energy, thus depleting the shell-model states within the Fermi sea. Comparison between the results of theoretical calculations and electron scattering data have provided overwhelming evidence that correlation effects must be included in any realistic descriptions of nuclear interactions.
The extension of the theoretical description of electronnucleus scattering to the case of neutrino interactions does not involve severe conceptual difficulties. However, while significant progress has been made in the understanding of the different reaction mechanisms contributing to the signals detected by neutrino experiments, the implementation of state-of-the-art models in the existing Monte Carlo generators has been lagging behind.
The first step towards an improved treatment of nuclear effects is the replacement of the RFGM with a more realistic description of the nuclear ground state, based on spectral functions obtained from advanced many-body approaches. It has to be emphasized that a better modeling of the initial state is of paramount importance, as it obviously affects all reaction channels.
In this article, we discuss the implementation of the nuclear spectral functions of Refs. [6] [7] [8] in the GE-NIE neutrino interaction generator. We also analyze the significance of the description of the nuclear ground state for the determination of the oscillation parameters. Our study is focused on the charged-current quasielastic (CCQE) channel, which accounts for a large fraction of the detected signal in many experiments.
In Section II we outline the elements of the calculation of the electron-and neutrino-nucleus cross section in the kinematical regime in which the impulse approximation is expected to be applicable. The implementation of the nuclear model based on spectral functions into the GE-NIE event generator, as well as its validation through comparison to electron-nucleus scattering data are discussed in Sec. III. Section IV is devoted to the analysis of the impact of the description of nuclear dynamics on the determination of the neutrino oscillation parameters. Finally, in Sec. V we summarize the main results of our work and state the conclusions.
II. QUASIELASTIC ELECTRON-AND NEUTRINO-NUCLEUS CROSS SECTION
This Section is devoted to the description of our numerical implementation of the lepton-nucleus interaction model discussed in Refs. [7, 9] .
The procedure employed to obtain the cross sections involves all the elements required to carry out a simulation of the scattering process. Therefore, our results can be used as benchmarks, to test the predictions of any event generators based on the same dynamical model and describing the same reaction mechanisms.
Within the Impulse Approximation (IA), which is expected to be applicable at momentum transfer q such that 1/|q| d, d being the average nucleon-nucleon separation distance, nuclear scattering reduces to the incoherent sum of elementary scattering processes involving individual particles. As a first approximation, the antisymmetrization of the final nuclear state and the occurrence of Final State Interactions (FSI) between the nucleon interacting with the beam particle and the spectator nucleons will be neglected. These effects, as well as more complex mechanisms not included in the IA picture, will not be analyzed in this article.
The building blocks of the calculation discussed here are:
(a) The description of the initial state, based on a model of nuclear dynamics. Initial state dynamics determines the target spectral function, yielding the energy and momentum distribution of the target nucleons.
(b) The description of the elementary interaction vertex. For any given values of the beam energy and nucleon four-momentum, the interaction vertex determines the kinematical variables associated with the outgoing particles.
A. Initial state
The initial state of the target is described by the spectral function P (p, E), yielding the probability of removing a nucleon of momentum p from the target nucleus, leaving the residual system with excitation energy E. From this definition, it follows that the energy of the residual (A − 1)-nucleon system can be written in the form
where p = |p| and M A and m are the target and nucleon mass, respectively. Note that, owing to nucleon-nucleon correlations, the state of the residual system is not restricted to be a bound state.
Figure 1(a) shows the distribution of 20,000 (p, E) pairs, obtained sampling the function
using the oxygen spectral function of Ref. [7] , constructed combining (e, e ′ p) data and ab initio nuclear matter calculations within the Local Density Approximation (LDA) [6] . It clearly appears that it extends well beyond the region of the (p, E) plane spanned by the shell-model predictions.
Within the RFGM, the spectral function is parametrized in the simple form In Fig. 1(b) , the probability distribution of the nucleon momentum
obtained from the 20,000 (|p|, E) samples of Fig. 1(a) is compared to the RFGM prediction corresponding to p F =225 MeV.
Note that the available spectral functions depend on the magnitude of the nucleon momentum only. Taking into account the angular dependence of the momentum distribution of non spherical nuclei (e.g.
12 C) involves considerable difficulties, mainly arising from the correlation between polar angle and nucleon energy.
B. Interaction vertex
The interaction vertex is described by the cross section of the elementary process, involving a bound moving nucleon. It can be written in the general form ,000 (p, E) pairs sampled from the probability distribution (2) using the Oxygen spectral function of Ref. [7] (red) and the RFGM with pF =225 MeV and ǫ0=27 MeV (green). (b): probability distribution of nucleon momentum p 2 n(p), defined as in Eq. (4), obtained from the spectral of Ref. [7] (red) and the RFGM (green).
being the four-momentum transfer and the four-momenta of the incoming and outgoing lepton, respectively.
The tensor L µν depends on lepton kinematical variables only. Its expression for electron scattering reads
with g µν = diag(1, −1, −1, −1), while in the case of charged current neutrino interactions it is given by
where ǫ µναβ is the fully antisymmetric Levi-Civita tensor.
The tensor W µν contains all the information on the structure of the target nucleon. In the quasi elastic sector its expression involves the nucleon vector and axial-vector form factors.
In principle, W µν depends on the nucleon initial and final four-momenta p ≡ (p 0 , p), with p 0 = M A − E A−1 and p ′ = p + q. It is very important to realize, however, that in lepton-nucleus scattering a fraction of the energy transfer to the target goes into the excitation energy of the spectator particles. As a consequence, the energy transfer involved in the elementary interaction can be conveniently written in the form [9] 
where ω is the amount of energy required for elastic scattering off a nucleon carrying momentum p in free space, i.e.
Combining the above equation with energy conservation, implying
we obtain
Note that the physical interpretation of ω becomes very transparent in the (p/m) → 0 limit, yielding ω = ω − E.
It has to be emphasized that expressing the nucleon tensor W µν as a function of the variables
as in Eq. (5), allows to consistently use nucleon structure functions obtained from the measured proton and deuteron cross sections.
As pointed out above, for any E ν , p and E the elementary cross section is a function of two variables, e.g. q = |q| and ω, yielding the probability distribution of the kinematical variables of the outgoing particles.
C. Nuclear cross section
The derivation of the double differential nuclear cross section in the IA regime is described in detail in Refs. [7, 9] . In the quasi elastic channel the final result, obtained in the target rest frame, can be cast in the form
The explicit expression of the elementary differential cross section [see Eq. (5)] for electron and charged current neutrino scattering can be found in Refs. [9, 10] , respectively.
According to the standard representation of electron scattering data, the double differential cross section is given at fixed beam energy and scattering angle of the outgoing lepton, as a function of energy loss ω.
In order to set a benchmark for the implementation of the spectral function approach into GENIE, we have computed the electron-and neutrino-nucleus cross sections from Eq. (13) . The integration has been carried out using the Monte Carlo approach, yielding
where θ p is the polar angle specifying the direction of the nucleon momentum, p, and
The above expressions have been evaluated with Monte Carlo configurations {p, E, cos θ p } n , with n = 1, . . . , N and N = 20, 000. The values of p and E have been sampled from the distribution of Eq. (2), while cos θ p has been sampled from a uniform distribution. The delta function has been implemented using the finite width representation
providing ǫ-independent results for small ǫ.
D. Electron scattering
The form of the lepton tensor L µν for electron scattering is given by Eq. (6), while the explicit expression of the nucleon tensor W µν , involving the nucleon vector form factors, can be found in Ref. [9] .
The proton (p) and neutron (n) vector form factors, F p,n 1 and F p,n 2 , have been precisely measured up to large values of Q 2 = −q 2 in electron-proton and electrondeuteron scattering experiments, respectively (for a recent review, see, e.g., Ref. [11] ). The results presented in this article have been obtained using the parametrization referred to as BBBA05 [12] , obtained from an analysis including recent measurements carried out at the Thomas Jefferson National Accelerator Facility.
As an example, Fig. 2 shows a comparison between the electron-oxygen cross sections computed from Eqs. (14)- (16) and the experimental data of Refs. [13, 14] . It clearly appears that both position and width of the quasielastic bump-dictated by the energy and momentum dependence of the spectral function, respectively-are described with remarkable accuracy. In this respect, it is worth reminding, that the results shown on Fig. 2 involve no adjustable parameters.
E. Neutrino scattering
The lepton tensor L µν for charged current neutrino interactions is given by Eq. (7), while the expression of the nucleon tensor W µν can be found in Ref. [10] . In addition to the vector form factors, in this case the definition of W µν involves the axial form factor, generally parametrized in the dipole form
where g A = −1.26 and the axial mass M A is the parameter determining the Q 2 -dependence. Its value, extracted from elastic neutrino and antineutrino-nucleon scattering, charged pion electroproduction off nucleons and muon capture data is M A =1.03 MeV [15] .
As an example, Fig. 3 shows the double differential cross section of the process
in the quasi elastic channel, at neutrino energy E ν = 1 GeV and muon scattering angle θ µ = 30 deg, plotted as a function of the lepton energy loss ω. The calculation has been carried out using the carbon spectral function of Ref. [6] . In order to illustrate the size of the axialvector contributions, the result of the full calculation is compared to that obtained setting F A (Q 2 ) = 0.
III. THE GENIE EVENT GENERATOR
The GENIE event generator, in its latest official release (2.8.0), provides the simulation of CCQE neutrino interactions within two different nuclear models: RFGM and and Spectral Function (SF). Note that, in addition to the CCQE channel, both nuclear models can be used to simulate interactions leading to different hadronic final states, such as resonance production and decay, pion production and deep inelastic scattering. A detailed description of the treatment of these processes can be found in Refs. [16, 17] . In order to carry out the simulation following the scheme outlined in the previous Section, we have replaced a few modules of the GENIE 2.8.0 package. In what follows, our modified version of GENIE 2.8.0 will be referred to as GENIE 2.8.0+.
The modifications implemented in GENIE 2.8.0+ will be analyzed in the following Sections. In Fig. 4 we show
FIG. 2. (Color Online) Double differential cross section of the process e +
16 O → e ′ + X in the quasi elastic channel. The calculations have been carried out using Eqs. (14)- (16) with 20,000 (p, E) pairs sampled from the probability distribution of Eq. (2) and the spectral function of Ref. [7] . The data, taken from Refs. [13, 14] , are available online at http://faculty.virginia.edu/qes-archive/index.html .
[GeV] ω a comparison between the results of our simulations of 2 × 10 6 events and the measured electron scattering cross sections, for different targets and kinematical setups, meant to validate our implementation. For completeness, we also include the cross sections computed using Eqs. (14)-(16), as described in the previous Section.
Carbon events have been generated using the spectral function of Ref. [6] , obtained combining theoretical calculations and experimental data within the LDA scheme. Note that the GENIE 2.8.0+ results include the effects of FSI. In inclusive precesses, FSI lead to a shift of the energy loss distribution, arising from interactions between the struck nucleon and the mean field of the spectators, and a redistribution of the strength from the peak of the quasi free bump to its tails, arising from rescattering processes.
Unfortunately, in the case of calcium (Ca) the information provided by (e, e ′ p) measurements is scarce, and there is no information at all for argon (Ar). As a consequence, the available spectral functions of these nuclei have been obtained from models involving rather crude approximations, and exhibit an oversimplified energy dependence [18] . The role played by FSI is also different, as their effects become larger in heavier nuclei. In order to allow for a consistent comparison with the cross sections computed following the procedure described in Sec. II, in the lower panels of Fig. 4 we also show calcium and argon results obtained from GENIE 2.8.0+ neglecting FSI.
FIG. 4. (Color online)
. Double differential electron-nucleus cross section in the quasi elastic channel. The curves labeled SF have been obtained using Eqs. (14)- (16) and the model spectral functions of Refs. [6] (for carbon) and [18] (for calcium and argon). The data are taken from Refs. [19] (for carbon), [20] (for calcium), and [14] (for argon). Carbon and calcium data are available online at http://faculty.virginia.edu/qes-archive/index.html 
In this section, we will briefly describe the modifications of the lepton's kinematics implemented in GENIE 2.8.0+ for the CCQE neutrino scattering process. The results obtained using the new version will be compared to the predictions of the official GENIE release.
In GENIE 2.8.0, Q 2 is selected randomly within a range defined by a set of minimum and maximal values, which can be tuned manually. Therefore, the value of Q 2 is not affected by the initial nucleon's kinematics, dictated by the dynamical model employed to describe the target ground state: RFGM or SF. In our implementation, on the other hand, the Q 2 selection takes into account the dependence of the interaction vertex on both energy and momentum of the struck nucleon [see Eq. (5)]. The selected Q 2 obviously satisfies the relation
where E ℓ is the outgoing lepton's energy, and ω is the energy transfer. The additional constraint
where k ′ is the three-momentum of the outgoing lepton and q = |q| is the magnitude of the three-momentum transfer, is also applied to the generated Q 2 in order to satisfy energy and momentum conservation. Figure 5 illustrates the kinematically allowed phase space corresponding to different neutrino energies, obtained using GENIE 2.8.0 and GENIE 2.8.0+ with both RFGM and SF. Note that the boundaries of the allowed regions are determined by Eq. (20) . In order to illustrate the effects of the modified Q 2 selection, in Figs. 6(a) and 6(b) [ 6(d) and 6(e)] we compare the results corresponding to muon neutrinos of energy E ν = 200 MeV (500 MeV), obtained using RFGM and GENIE 2.8.0 and 2.8.0+, respectively. It is apparent that GENIE 2.8.0+ it is less likely to select points close to the highest energy transfer and low momentum transfer, particularly at the lower value of E ν . The corresponding results obtained using SF and GENIE 2.8.0+ with SF are shown in Figs. 6(c) and 6(f). The inclusion of nucleon-nucleon correlations leads to a significant increase of events at large momentum and energy transfer.
B. Lepton kinematics
As pointed out above, the value of the energy transfer at the interaction vertex depends on both momentum, p, and removal energy, E, of the struck nucleon, the distribution of which, dictated by the nucleon spectral function, is illustrated in Fig. 1(a) . As a consequence, the (p, E) distribution also affects the kinematical variables of the outgoing lepton, i.e. its energy and scattering angle relative to the direction of the incoming neutrino. In this Section, we show the different shapes of the distributions of the lepton kinematical variables obtained from RFGM and SF, reflecting the different underlying models of nuclear dynamics. Figure 6 shows a comparison of the Q 2 distributions of 2 × 10 5 CCQE events with E ν = 1 GeV in oxygen, obtained using RFGM and SF. The Fermi momentum and average separation energy employed in the RFGM calculation are p F =209 MeV and ǫ 0 = 27 MeV, respectively. Note that SF result has been obtained taking into account Pauli blocking of the momentum of the final state nucleon, while this effect, leading to the rejection of most events corresponding to Q 2 ¡0.2 GeV 2 , is not included in the RFGM result.
The event distribution as a function of energy of the outgoing muon is displayed in Fig. 7 . The neutrino energy is E ν = 800 MeV, and panels (a) and (b) correspond to oxygen and argon, respectively. A discrepancy between RFGM and SF in the number of scattered leptons at the highest lepton energy, corresponding to the lowest energy transfer, is clearly visible. Note that, in addition to the quenching at large E µ , the SF distribution exhibits a tail extending to very low muon energy. These events, corresponding to large ω, become kinematically allowed in the presence of nucleon nucleon correlations, as illustrated in Figs. 6(c) and 6(f). Pauli blocking and FSI, included in the argon results, have been neglected in oxygen. Comparison between the results of panels (a) and (b) shows that the main features of the distributions are not strongly affected by these effects.
C. Reconstructed kinematics
In this section, we will discuss the reconstruction of neutrino energy and Q 2 in CCQE processes. We will use two variables, β and φ, first proposed in Ref. [8] . They are defined in terms of the observed kinematical variables, |k ′ | and the scattering angle of the outgoing lepton relative to the beam direction in the lab frame, θ µ , as
where E µ = |k ′ | + m 2 µ , m µ being the muon mass, and
The φ distributions of events generated in oxygen and corresponding to neutrino energy 200 MeV and 300 MeV, displayed in Fig. 8 (a) and (b), respectively, show that φ is generally in the range 1 ≤ φ ≤ 10/GeV.
The reconstructed neutrino energy and Q 2 can be expressed in terms of β according to
and
where
p , M n and M p being the neutron and proton masses, respectively, while ǫ denotes the average binding energy of the struck neutron.
The variable β can be used to identify unphysical CCQE event with a negative value of the reconstructed energy. From Eq. (23), it follows that such events correspond to β > 0.9 GeV, implying in turn φ < 1/GeV. Note that the amount of unphysical reconstructed events is reduced by ∼50% with the improved determination of the lepton kinematics implemented into GENIE 2.8.0+.
The φ distributions of Fig. 8 also illustrate the difference between RFGM and SF, that turn out to become negligible for the larger neutrino energy. Owing to the nontrivial bias associated with the reconstruction process [8] , reconstructed kinematic quantities are not the best choice as independent variables for the differential cross section. RFG SF more reliable option. As an example, Fig. 9 shows the oxygen CCQE double differential cross section at beam energy 1 GeV, plotted as a function of the energy loss. It clearly appears that nucleon-nucleon correlations, included in the SF calculation, move strength from the region of the quasi elastic bump to higher values of the energy loss ω. Obviously, this mechanism leads to the appearance of muons of low kinetic energy, as shown in Fig. 9 . In neutrino scattering, as the neutrino energy is not known, the measurement of T µ does not provide the information on the energy transfer ω. Figure 10 shows the double differential CCQE cross section of oxygen, plotted as a function of T µ and cos θ µ . The calculations have been carried at muon kinetic energies ranging from 200 MeV to 2 GeV in bins of 100 MeV, using GENIE 2.8.0+ with both RFGM and SF.
FIG. 5. (Color online). Kinematically allowed regions of the (|q|,
ω) plane at different neutrino energy, Eν, obtained
IV. EFFECT ON NEUTRINO OSCILLATIONS
In this Section, we describe an analysis aimed at gauging the influence of the description of neutrino interactions on the extraction of oscillation parameters. For this purpose, we consider a typical ν µ disappearance experiment, consisting of two identical detectors of fiducial volume 1.0 kton and 22.5 kton, placed 1.0 km and 295.0 km from the neutrino beam production point, respectively. Both detectors use carbon ( 12 C) as nuclear target and they have identical properties in terms of energy resolution and detector efficiencies. The experiment is assumed to take data for 5 years with a 750 kW beam power. The setup, summarised in Table I , is the same as the one used in Refs. [21, 22] . It should be noted that this setup is largely simplified with respect to a real experiment so our conclusions should be regarded as a lower limit on what the impact of different nuclear interaction models and numerical implementations would be in a real experiment. Following Refs. [21, 22] the oscillation analysis, was performed using the GLoBES sensitivity framework [23, 24] .
The oscillation parameters used in our analysis are 
and we only focused on the determination of the so-called atmospheric parameters: θ 23 and ∆m 2 31 . We considered the effect of the following different nuclear models on the determination of the atmospheric neutrino oscillation parameters:
• RFGM with the original Q 2 selection as in GENIE 2.8.0
• RFGM with the new Q 2 selection discussed in Section III, as in GENIE 2.8.0+
• SF for 12 C, as in GENIE 2.8.0+.
In the oscillation analysis we only considered events that are QE-like. A QE-like event contains no pion in the final state. In addition to the pure neutrino QE interactions, the other channels included in the QE-like classification are resonant pion production (RES), nonresonant pion production (non-RES) and excitation of two particle-two hole final states through interactions involving meson exchange currents (MEC/2p2h). The QE-like events due to the missing pion in the final state are mostly classified as QE and they are indeed indistinguishable from the pure QE events. We generated RES, non-RES and MEC/2p2h neutrino interactions using GENIE 2.8.0, while in the case of QE we use both GENIE 2.8.0 and GENIE 2.8.0+. A more detailed description of these interaction mechanisms can be found in Ref. [22] . We considered only neutrinos in the energy range of 0 < E ν 2 GeV. The contribution of deep inelastic scattering (DIS) and pion productions from high resonances (high-RES) at these energies is not very large, and becomes negligible once we request that the neutrino events have no pion in the final state.
The cross-sections per nucleon on 12 C for all QE-like cases listed above are shown in Fig. 11 as a function of neutrino energy. It clearly appears that the effect of nuclear models on the QE cross section is large, the difference between SF and RFGM being ∼20% . Similar results have been reported in Refs. [7, 10] .
FIG. 7. (Color online).
Comparison of the differential CCQE cross sections dσ/dEµ of oxygen (a) and argon (b) at neutrino energy Eν = 800 MeV, obtained using GENIE 2.8.0+ with RFGM and SF.
[GeV] The events numbers for all the QE-like mechanisms included in our oscillation analysis are summarised in function of energy were generated using GLoBES. The background from neutral current events was also generated using GLoBES, and found to consist of ∼254 events. For the QE-like channels we also produced the migration matrices relating the true and reconstructed neutrino energies that were calculated using GENIE 2.8.0 for all interactions but QE. The remaining pure QE rates were also computed with GLoBES, using inputs produced by GENIE 2.8.0 and GENIE 2.8.0+ with RFGM or SF. The number of events per interaction mode are summarised in Table III , while the signal distributions are shown in Fig. 12 of Appendix A.
) is defined as a migration matrix and it represents the probability that an event with a true neutrino energy in the bin j ends up being reconstructed in the energy bin i. We reconstruct the neutrino energy for all QE-like events assuming a pure QE neutrino interaction as in Eq. (23) . The migration matrices used in this work were produced using both GENIE 2.8.0 and GENIE 2.8.0+. All the migration matrices produced and used in our oscillation analysis are shown in Appendix A. Each matrix was produced considering 200,000 interactions for each of the true neutrino energy bins. We use bins of 100 MeV between 0 and 2 GeV and we considered only events with no-pion in final state. The signal events are further corrected for the energy dependent detection efficiencies after the events are migrated to reconstructed neutrino energies , as described in more details in Ref. [21] .
The QE-like and QE event distribution as function of reconstructed neutrino energy are shown respectively in Fig. 18 and in Fig. 16 of Appendix A. In both Figs. 18 and 16 the oscillation parameters have been set to their values as in Eq. (25), and they are corrected for the detection efficiencies as well. To evaluate the impact of three different simulation conditions (RFGM, RFGM + new Q 2 selection and SF) we took the event rates computed using GLoBES, applied to them the migration matrices computed with one particular setting of the neutrino interaction generator, and try to fit them using the matrices obtained with a different setting. By doing this, the possible biases on the oscillation parameters, induced by the different nuclear models or Q 2 selection introduced in GENIE 2.8.0+, can be quantified in a robust fashion. The effects of the RFG and SF models of GENIE 2.8.0+ were also compared. We recall that the main focus of our analysis is the extraction of the atmospheric parameters through the disappearance of ν µ . The χ 2 utilized exploits both the rate and spectral distortion of the event distributions. Its functional form is the same as in Ref. [22] .
The atmospheric parameters used as an input in our oscillation analysis are
and the remaining parameters were held fixed during the fit. Figure 13 shows the impact on the oscillation fit results in the case in which a different Q 2 selection for just the QE neutrino interaction is used to compute the true and fitted rates. In Fig. 13 the result of the fit is represented in the θ 23 − ∆m 2 31 plane . The shaded area shows the confidence regions that would be obtained at 1, 2 and 3σ if the simulated and fitted event rates were generated using the same set of migration matrices produced by GENIE 2.8.0+ using RFGM. The colored lines show the resulting regions if the event rates that are computed using matrices produced by GENIE 2.8.0+ and RFGM are fitted with the rates computed using matrices obtained using GENIE 2.8.0 and RFGM. The best-fit values we found were θ 23 = 45.75 deg and A similar analysis has been performed to pin down the difference on the fitted values of the oscillation parameters induced by the use of SF instead of RFGM as a nuclear model. The GLoBES event distributions have been corrected using migration matrices produced by GENIE 2.8.0+ using SF, and fitted using event distributions obtained using GENIE 2.8.0+ and RFGM. The results are shown in Fig. 14 where the shaded area shows the confidence regions tcorresponding to 1, 2 and 3σ if the simulated and fitted event rates were generated using the same set of migration matrices produced by GENIE 2.8.0+ and SF. The colored lines show the resulting regions if the event rates that are computed using matrices produced by GENIE 2.8.0+ and RFGM are fitted with the rates computed using matrices obtained using GE-NIE 2. 2 selection is used to compute the true and fitted QE event rates in the oscillation analysis. In the plot is shown the result of the fit in the θ23 − ∆m 2 31 plane. The shaded area shows the confidence regions that would be obtained at 1, 2 and 3σ if the simulated and fitted event rates were generated using the same set of migration matrices produced by GENIE 2.8.0+ and RFGM. The colored lines show the resulting regions if the event rates are computed using matrices produced by GENIE 2.8.0+ and RFGM are fitted with the rates computed using matrices obtained using GE-NIE 2.8.0 and RFGM. The red dot show the true input value of the fit, while the black triangle shows the location of the best fit point. Finally we have studied the impact of different nuclear models (SF vs RFG) and of a different Q 2 selection on the determination of oscillation parameters we have repeated the same analysis as shown in Figs. 13 and 14 . We have corrected the GLoBES event distributions using migration matrices produced by GENIE 2.8.0+ using SF and then we fitted them using event distributions obtained using GENIE 2.8.0 and RFG as nuclear model. The results are shown in Fig. 15 where the shaded area shows the confidence regions that would be obtained at 1, 2 and 3σ if the simulated and fitted event rates were generated using the same set of migration matrices produced by GENIE 2.8.0+ and SF. The colored lines show the resulting regions if the event rates that are computed using matrices produced by GENIE 2.8.0 and RFGM are fitted with the rates computed using matrices obtained using GENIE 2.8.0+ and SF. plane. The shaded area shows the confidence regions that would be obtained at 1, 2 and 3σ if the simulated and fitted event rates are generated using the same set of migration matrices produced by GENIE 2.8.0+ and SF. The colored lines show the resulting regions if the event rates are computed using matrices produced by GENIE 2.8.0+ and RFGM are fitted with the rates computed using matrices obtained using GENIE 2.8.0+ and SF. The red dot show the true input value of the fit,while the black triangle shows the location of the best fit point. 
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The best-fit parameters are found to be θ 23 = 44.5 deg and ∆m 2 31 = 2.41 × 10 −3 eV 2 and χ 2 /ndof is 2.94/14. In this case we found a difference of 1.1% in the determination of the mixing angle and of 1.6% for the masssquare splitting. Our oscillation results are summarised in Tab. IV. plane. The shaded area shows the confidence regions that would be obtained at 1, 2 and 3σ if the simulated and fitted event rates are generated using the same set of migration matrices produced by GENIE 2.8.0+ and SF. The colored lines show the resulting regions if the event rates are computed using matrices produced by GENIE 2.8.0 and RFGM are fitted with the rates computed using matrices obtained using GE-NIE 2.8.0+ and SF. The red dot show the true input value of the fit,while the black triangle shows the location of the best fit point. We have implemented the description of the nuclear ground state based on realistic spectral functions -widely and successfully employed in the analysis of electronnucleus scattering data -into the GENIE generator of neutrino interactions.
Compared to the RFGM, the spectral function approach predicts the occurrence of nucleons carrying momenta much larger that the Fermi momentum, and high removal energy, in the target ground state. Energy and momentum conservation implies a strong correlation between high momentum and high removal energy. As a consequence, knock out of a high momentum nucleon leaves the residual system with high excitation energy. The nuclear final state of these processes is a two particletwo hole state, as one of the spectator particles is excited to the continuum.
Besides introducing a more realistic model of nuclear dynamics, we have improved the simulation of the kinematics variables of the outgoing particles, requiring that the momentum and energy transfer entering the definition of the selected Q 2 satisfy the requirements of energy and momentum conservation. In this context, it has to be emphasized that, as the nuclear response to electroweak interactions is function of two variables, e.g. the momentum and energy transfer |q| and ω, the simulation algorithm based on Q 2 selection may not be the most effective.
The implementation of the spectral functions and the improved Q 2 selection have been validated through comparison to electron scattering data for different targets and kinematical setups. The simulated cross sections also agree with the results of theoretical calculations based on the same dynamical model. We note that the large body of precise electron scattering data should be exploited to perform similar comparisons using all existing neutrino event generators.
The neutrino interaction events generated with the modified GENIE, that we refer to as GENIE 2.8.0+, have been studied as a function of both Q 2 and the observed kinematical variables of the outgoing charged lepton. In all instances, the new features introduced in the simulation process turn out to have sizable effects.
The oscillation analysis carried out using the GLoBES sensitivity framework indicates that the treatment of the nuclear ground state and the Q 2 selection do have a nonnegligible influence on the determination of the atmospheric oscillation parameter in a typical ν µ disappearance experiment. Note that, while our study focused on CCQE interactions only, the replacement of the RGFM with the spectral function approach, implying an improved treatment of the initial nuclear state,affects all reaction channels, including resonance production and DIS. Hence, the modification of the oscillation parameters resulting from our calculations must be regarded as a lower bound.
Appendix A: Migration matrices and event distributions Figure 16 shows the pure QE event distributions as a function of the reconstructed neutrino energy for the different nuclear models and Q 2 selection. The oscillation parameters have been set to their values in Eq. (25) and we have included also detection efficiencies. Figure 17 shows the migration matrices for the QE and QE-like for neutrino interactions on 12 C. The three QE matrices (18(a), 18(b) and 18(c)) were computed using GENIE 2.8.0 and GENIE 2.8.0+ with RFGM and SF as nuclear models. The QE-like matrices (18(d), 18(e) and 18(f)) were computed using the GENIE 2.8.0 official release and they are common to the three models investigated in this publication. The distributions for QE-like and QE events are also shown in Fig. 18 and Fig. 16 . In all cases the reconstructed neutrino energy is calculated assuming a pure QE event and according to Eq. (23). 
